The InfraRed imaging Video Bolometer (IRVB) is a powerful diagnostic to measure a plasma radiation profile especially for three-dimensional measurements. An IRVB mainly consists of a pinhole camera section and an IR camera section. The plasma radiation profile is projected on a thin metal foil through an aperture in the pinhole camera resulting in a two-dimensional temperature distribution. Then, the distribution is observed from the back side by an IR camera as an IR image. Since the image contains the effects of heat diffusion, a calibration of the heat characteristics of the foil is needed to obtain the radiation profile by solving the twodimensional heat diffusion equation. Some deposition was observed on the foil in the Large Helical Device (LHD) plasma experiment. The effect of this on the heat characteristics of the foil should be studied although it can be compensated for by the calibration. Currently four IRVBs are operating in LHD to investigate the radiation collapse and plasma detachment phenomena. The sensitivities of IRVBs at the 6.5-L and 10-O ports were improved from the experimental campaign in FY 2013 by replacing the IR cameras of these ports. The sensitivity at the 6.5-U port was also improved by applying the periscope system.
Introduction
Radiation profile measurements are a key to investigating plasma detachment and radiation collapse phenomena. It is known that the radiation from the ergodic region plays an important role in the phenomena [1, 2] . Therefore, the three-dimensional measurement of radiation profiles is required to study them in more detail since the radiation from the ergodic region has a three-dimensional structure. The InfraRed (IR) imaging Video Bolometer (IRVB) [3] is a useful diagnostic to investigate the plasma radiation profile. It has a large number of channels and this characteristic is an advantage for a tomography technique to reconstruct the three-dimensional radiation profile.
Currently, four IRVB systems are operating in LHD. In this study, the sensitivities of three IRVBs were improved by replacing the IR cameras or applying the periscope system. The remainder of this paper is organized as follows. In Sec. 2, the schematic of the IRVB is described. In Sec. 3, the calibration of the foil heat characteristics and the effect of the plasma discharge on the foil are expressed. In Sec. 4, IRVB systems in LHD and the improvement of their sensitivities are described before the summary in Sec. 5.
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Infrared Imaging Video Bolometer
The schematic of an IRVB is shown in Fig. 1 . An IRVB mainly consists of a pinhole camera section and an IR camera section. The plasma radiation profile is projected through an aperture in the pinhole camera part onto a thin metal foil held in a copper frame resulting in a twodimensional temperature distribution. Both sides of the foil are blackened by carbon to increase the emissivity. The distribution is observed from the back side by an IR camera as an IR image through some optics and a vacuum window. They are made with ZnSe, CaF 2 or Ge and the choice of material depends on the waveband of the IR camera. The IR camera is stored in a magnetic shield, which is made with soft iron, and controlled remotely by a computer through Ethernet cables and optical fibers.
Calibration of Foil Heat Characteristics

Two-dimensional heat diffusion equation
The IR image which is observed by the IR camera contains the effects of heat diffusion. Therefore, the twodimensional heat diffusion equation shown in Equation (1) should be solved to obtain the plasma radiation P rad . where Ω rad is the term of the absorbed plasma radiation
and Ω bb is the term of the IR radiation to the IR camera
Here, κ is thermal diffusivity, k is thermal conductivity, t f is foil thickness, l 2 is foil pixel area, ε is emissivity, σ S−B is the Stefan-Boltzmann coefficient and T 0 is background temperature. The profile of κ, k, t f and ε on the foil should be estimated to determine P rad from Equation (1). Currently, these parameters except κ are calibrated using the comparison between a laser irradiation experiment and a finite element method (FEM) [4] . κ is assumed to be a typical value in the current method.
Effect of plasma discharge on foil
Figure 2 (a) shows the IRVB foil applied to the LHD plasma experiment. The obviously discolored area (b) was observed. Scanning electron microscope (SEM) images of the surface of the carbon coating layer are shown in Figs. 2 (b) and (c) at the discolored area and non-discolored area, respectively. Some deposition is observed at the discolored area while the non-discolored area has a flaky structure of the carbon coating. The effect of this on the heat characteristics of the foil should be studied although it can be compensated for by the calibration. rection and a semi-tangential view in the counter clockwise direction, respectively, and the other IRVBs at 6.5-U and 6.5-L ports have vertical views for the three-dimensional tomography. These four FoVs can cover the whole region of the LHD plasma with the assumption of a helical periodicity [5] .
Improvement of IRVB Systems in LHD 4.1 Field of views of IRVBs
IRVB systems in LHD
The specifications of the four IRVBs are shown in Table 1. Here, NETD means noise equivalent temperature difference of the IR camera. Pt has been utilized for the material of all foils. CaF 2 and ZnSe vacuum windows are used for the IR cameras of shorter and longer wavelengths, respectively. RAM disks are applied as data storage for fast data acquisition.
These systems were improved from the experimental campaign in FY 2013: by (i) replacement of the IR cameras at the 6.5-L and 10-O ports, (ii) installation of a periscope system at the 6.5-U port. The IR cameras at the 6.5-L and 10-O ports were replaced from FLIR/Omega to FLIR/A655sc and FLIR/SC500 to FLIR/SC7600, respectively. The periscope system has been installed at the 6.5-U port to fit the field of view of the IR camera to the foil [6] . It consists of 3 camera lenses, a mirror and 3 relay lenses (including 2 in-vessel lenses). These lenses are made of ZnSe and Ge.
Sensitivities of the IRVBs
The sensitivities of the IRVBs at the 6.5-U, 6.5-L and 10-O ports were improved by the above upgrades. The sensitivity of the IRVB can be expressed as a noise equivalent power difference (NEPD) S IRVB in Equation (4) [7] .
Here, k is the thermal diffusivity and 0.716 W/(cm·K) is used as the typical value of platinum. t f is the foil thickness and 2.5 μm is assumed. σ IR is the NETD of the IR camera including the effect of the F number of the optics and the maximum value of the specification of each camera divided by the square of the F number is applied. N bol is the number of IRVB pixels and one IRVB pixel corresponds to 5 × 5 mm 2 on the foil. N IR is the number of IR camera pixels utilized in the evaluation of the IR image in the LHD plasma experiment. A f is the utilized area of the foil which corresponds to the foil size. f bol is the frame rate of IRVB which is assumed to be the operating frame rate of the IR camera f IR .
The improvement of the IRVB parameters at the three ports are shown in Table 2 . N IR at the 6.5-U port increased by applying the periscope system. Then, the S IRVB at the 6.5-U port improved from 687 μW/cm 2 to 226 μW/cm 2 . N IR at 6.5-L and 10-O ports increased by replacing the IR cameras. Moreover, the NETD at 6.5-L and 10-O ports are decreased respectively from 85 mK to 50 mK and from 70 mK to 25 mK. Then, the S IRVB at the 6.5-L and 10-O ports improved from 4400 μW/cm 2 to 884 μW/cm 2 and from 988 μW/cm 2 to 206 μW/cm 2 , respectively. The S IRVB at the 6-T port is 395 μW/cm 2 although there is no improvement this time.
Conclusions
Four IRVBs are operating for the plasma radiation measurement in LHD. The sensitivities of two IRVBs (NEPD) at the 6.5-L and 10-O ports were improved from the experimental campaign in FY 2013 by replacing the IR cameras. The NEPD at the 6.5-U port was also improved by fitting the field of view of the IR camera to the foil using the periscope system. Some deposition was observed on the foil. The effect of this on the heat characteristics of the foil which correspond to the conversion coefficients from the IR images to the radiation profile should be studied to investigate in detail the radiation collapse and plasma detachment phenomena and to reconstruct the 3D radiation profile of the LHD plasma.
